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Abstract
Triplet-triplet annihilation photon upconversion (TTA-UC) has emerged as a
promising strategy for enhancing solar energy harvesting efficiency by converting
two low-energy, long-wavelength photons into a high-energy, short-wavelength
photon. In recent years, semiconductor nanocrystals have gained significant
attention as efficient photosensitizers for TTA-UC due to their excellent triplet
energy transfer efficiency and the ability to tune their bandgap across the solar
spectrum. This review focuses on the mechanism of NC-based TTA-UC, empha-
sizing key parameters to evaluate the performance of TTA-UC systems. The in-
fluence of various material-related factors on the overall NC-based TTA-UC
performance is thoroughly discussed. Moreover, recent advances in solid-state
approaches for NC-based TTA-UC are highlighted, along with an overview of
the current status of applications in this field. Lastly, this review identifies the
challenges and opportunities that lie ahead in the future development of NC-based
TTA-UC, providing insights into the potential advancements and directions for
further research.

Keywords
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1 | INTRODUCTION

Solar energy, as an abundant, inexhaustible, and clean
resource, provides a sustainable solution to reduce energy
dependence on fossil fuels and mitigates the harmful effects
of global warming.[1-3] Solar energy has been extensively
harnessed to generate electricity,[4-5] thermal energy,[6-7] ar-
chitecture integrated photovoltaics,[8] as well as for photo-
catalysis[9] such as water splitting[10-11] and CO2
reduction.[12-13] The spectrum of the sun at the Earth's surface
is spread across ultraviolet (UV), the visible and near-infrared
(NIR) ranges,[8] as shown in Figure 1. Under ideal circum-
stances, sunlight can reach the surface of the Earth with an
irradiation of about 1000 W/m2.[14] However, because of the
mismatch of the solar spectrum and bandgaps of common

light harvesting materials such as silicon (1.1 eV), a consid-
erable portion of the sunlight's energy is not effectively uti-
lized by solar cells, as indicated in Figure 1. The photons with
energies higher than bandgap of solar cell materials (UV light
and high-energy visible light) carry excess energy that is not
easily converted. Similarly, photons with lower energies (NIR
light) do not possess enough energy to overcome the
bandgap, so they are not converted either. According to the
Schockley-Queisser limit,[15] the maximum solar conversion
efficiency is limited to 33% for a single-junction solar cell.[16]

Photon upconversion is a process that has the potential to
be applied to enhance the performance of solar energy har-
vesting by converting low-energy photons into high-energy
photons.[17-19] Although surpassing the Shockley−Queisser
limit for solar energy conversion has not been practically
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achieved,[20] the upconversion process can theoretically
enhance the efficiency of solar cells imposed by the spectral
mismatch between the solar spectrum and the bandgap of
solar cell materials, which enables absorption of NIR pho-
tons to be upconverted to visible photons.[21] Additionally,
the upconversion of abundant visible light photons to high-
energy UV light can enhance efficiency in photocatalytic
applications.[22] Compared to nonlinear optics upconver-
sion[23-24] and rare earth-doped nanoparticle upconver-
sion,[25-26] triplet-triplet annihilation photon upconversion
(TA-UC) exhibits high upconversion efficiency for non-
coherent light and low operating light intensity (at solar-
level irradiation). This makes TTA-UC suitable for prac-
tical applications in solar energy harvesting,[27-30] as well as
in biological applications,[31-32] optoelectronic devices[33]

and additive manufacturing.[34-35] Many studies of TTA-UC
commonly use metal complexes as photosensitizers, such as
Ru complexes,[36] Pt or Pd porphyrin/phthalocyanine com-
plexes,[37-38] facilitated by their strong spin-orbit coupling.
However, the conventional application of these sensitizers
for TTA-UC faces limitations due to their restricted molec-
ular design, comparatively low light absorption, and large
singlet-triplet splitting, thus limiting the upconverted spec-
tral range.[39]

Semiconductor nanocrystals (NCs), also known as
quantum dots (QDs), are nanometer-sized clusters or crystals
consisting of few hundreds to a few thousands of atoms with
the quantum confinement in three dimensions.[40-41] Due to
the restricted density of states, NCs exhibit size-dependent
electronic transitions, with the energy gap between the
highest occupied state (valence band) and the lowest unoc-
cupied state (conduction band) becoming larger as the
crystal size decreases. Consequently, the optical absorption
and emission characteristics of QDs can be tuned by

controlling their size.[42] The unique characteristics of QDs,
such as their size-tunable optical properties, high absorption
cross sections, bright photoluminescence (PL), make them
widely applied in lighting[43-44] and display,[45] optoelec-
tronics,[46-47] solar cells,[48-49] and bioimaging and detec-
tion.[50-51] Over the past decade, NCs have emerged as a
promising class of photosensitizer materials[52-55] and have
found increased applications in TTA-UC. This is primarily
attributed to the small splitting of singlet-like and triplet-like
state and the capability in efficiently sensitizing molecular
triplets.[56-60] Additionally, the size of the NCs can be
adjusted to match the incident light wavelength and thereby
to enhance the efficiency of TTA-UC.

Encouraged by the rapid progress of NC-based TTA-UC,
this review aims to provide an in-depth exploration of the
mechanism, materials, and applications of this new class of
TTA-UC. This review provides a concise description of the
NC-based TTA-UC process and discusses key parameters for
evaluating upconversion performance. Here we focus on two
typical NCs, metal chalcogenides and perovskite NCs,
examining how size, surfactant ligands, shape, quality, and
core/shell structure impact TTA-UC performance. We also
delve into the materials used as mediators, analyzing their
anchoring groups, numbers, bridge distances, and orienta-
tions in relation to energy transfer and impact on TTA-UC
performance. We highlight the updated solid-state ap-
proaches of NC-based TTA-UC, followed by the recent ap-
plications of NC-based TTA-UC in solar energy harvesting
and photochemistry. There are recent reviews on TTA-UC
from different aspects, such as spectral regions,[61-62]

organic material,[63-64] applications.[65-66] In this review with
a focus on NC sensitized TTA-UC, we have provided a
detailed investigation in the spectroscopy, mechanisms, NCs'
size and shape, mediator alignment, anchor groups, and have
a comprehensive discussion on solid state approaches and
special applications of NC-based TTA-UC materials. The
aim of this review is to serve as a comprehensive resource
for researchers interested in NC-based TTA-UC, through
deepened understanding of the underlying mechanisms of
TTA-UC and exploring different NC materials. We hope this
review can help to potentially inspire further research and
development of NC-based TTA-UC towards solar energy
harvesting and other applications.

2 | MECHANISM OF NC-BASED TTA-UC

2.1 | Photophysical processes

NC-based TTA-UC system generally includes three com-
ponents: NCs, mediators (also referred to as transmitters),
and annihilators (also referred to as emitters), as shown in
Figure 2. NCs absorb low-energy photons to their excited
states which have mixed singlet and triplet character due to
the strong spin–orbit coupling of NCs.[67-71] The excited
state lifetime of NCs is generally on the timescale of tens of
nanosecond to few microsecond, which is too short for

F I G U R E 1 Solar spectrum and silicon-based solar cell loss
channels, which can be mitigated by the triplet-triplet annihilation
photon upconversion (TTA-UC) process through converting near-
infrared (NIR) to visible light and enabling photocatalysis through
upconversion of visible to ultraviolet (UV) light.
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diffusional sensitization of the triplet state of the annihilator.
Therefore, mediators are commonly used to harvest the
triplets of NCs by anchoring to the surface; a long-lived
mediator triplet (on the timescale of microseconds to milli-
seconds) can be generated via triplet energy transfer (TET)
from the NC to the mediator.[56,72] The triplet energy of the
mediator is then transferred to the annihilator via a second
triplet energy transfer (TET2) process. When two triplet
excited annihilators encounter, triplet-triplet annihilation
(TTA) can occur to populate one annihilator to its first
singlet excited state (S1), from where high-energy photons
can be emitted. We have summarized the commonly used
NCs, mediators and annihilators for NC-based TTA-UC in
Figure 3, and the detailed properties and performance of
these TTA-UC systems are compiled in Table 1.

There are two requirements to achieve NC-based TTA-
UC: (a) The first triplet excited state (T1) of the mediator
should be lower than the lowest excited state of the NCs,
although endothermic TET from the NCs to the mediators
has been reported.[126-127] Reversible TET leads to slow TET
and reduces the efficiency of the overall process. Higher
efficiency is generally achieved when the energy gap (∆E1)
is greater than 0.2 eV; (b) The T1 state of the annihilator
should be equal to or lower in energy than T1 of the mediator
to enable an efficient TET2 process. Typically, a larger
driving force can lead to higher efficiencies in both TET
processes, however, this comes at the expense of a smaller
upconverted wavelength range (a smaller anti-Stokes shift).

Performance evaluation of the NC-based TTA-UC sys-
tem relies on a few key parameters, namely photon upcon-
version quantum yield (UCQY, ΦUC), anti-Stokes
wavelength shift, and the excitation intensity threshold
(Ith). In the following discussion, we focus on the merits of
these three parameters and corresponding characterization
methods of NC-based TTA-NCs.

2.2 | Photon UCQY

The UCQY is defined as the ratio of the number of upcon-
verted high-energy photons to the number of absorbed low-
energy photons, as shown in Equation (1):

ΦUC ¼
the number of emitted high energy photons
the number of absorbed low energy photons

ð1Þ

The maximum ΦUC is 50% as one high-energy photon is
generated from the interaction of two annihilator triplets. It is
important to note that some TTA-UC publications have re-
ported a ΦUC normalized to 100% by multiplying the
measured value with a factor of 2. However, it is not rec-
ommended to normalize UCQY in this manner, as it deviates
from the general definition of quantum yields.[128] For a
detailed discussion on the definitions of UCQY, we recom-
mend references.[129-131] To ensure clear comparisons, the
ΦUC values reported for NC-based TTA-UC systems in
Table 1 have been adjusted to non-normalized values. In
Equation (1), the UCQY is based on the observation of
emitted photons, which can be influenced by the sample
architecture, inner filter effects, and scattering. It is worth
noting that the upconverted singlet excited states of the an-
nihilators and/or the generated upconverted photons, before
being reabsorbed, can also find practical applications in solar
energy harvesting and photochemistry.[17,132-133]

The UCQYof NC-based TTA-UC systems is the product
of the efficiencies of each involved sub-step energy transfer
processes, as presented in Equation (2):

ΦUC ¼ fΦTET1ΦTET2ΦTTAΦA ð2Þ

where, f is a spin statistical factor, indicating the probability
that an excited annihilator triplet yields an excited singlet

F I G U R E 2 The components and mechanism of NC-based triplet-triplet annihilation photon upconversion (TTA-UC). Two low-energy photons are
absorbed by the nanocrystals (NCs), followed by a first triplet energy transfer (TET1) to the mediators (3M*), which further undergoes a second triplet
energy transfer (TET2) to populate the triplet state of the annihilators (3A*). Subsequently, two triplet excited annihilators interact and undergo triplet-
triplet annihilation (TTA), resulting in the formation of a singlet excited annihilator (1A*), capable of emitting a high-energy photon.
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following TTA;[131] ΦTET1, ΦTET 2, and ΦTTA are the effi-
ciencies of TET1 from NCs to the mediator, TET2 from the
mediator to the annihilator, and TTA between two annihi-
lators, respectively; ΦA is the photoluminescene quantum
yield (PLQY) of the annihilator. In molecular sensitized
TTA-UC system, Equation (2) contains a parameter of ΦISC,
the efficiency of intersystem crossing (ISC). This parameter
is lacking because the triplet exciton generation quantum
yield of the NCs is nearly unity, which is a result of the
strong spin-orbit coupling within heavy metal NCs. This
coupling enables the mixing of singlet and triplet spin
characters in exciton states. The impact of the above factors
and efficiencies on ΦUC will be briefly discussed below,
while the detailed impact of the overall TTA-UC perfomance
from materials point of views will be discussed in Section 3.

The spin statistical factor (f ) is determined by the precise
alignment of S1, T1, and the second triplet state energies (T2)
of the annihilators.[134] When 2 � E(T1) < E(T2), f could
take values above the commonly encountered value of 2/5.
In perylene, where this condition is met, the f factor ap-
proaches unity due to the inaccessibility of the T2 state
during the TTA process[135,136]. In rubrene, f is reported to
lie around 0.6 in solution, and the creation of T2 is slightly
endothermic during the TTA process and the fast high-level

reverse-ISC allows the transition from T2 to S1, out-
competing nonradiative decay from T2 to T1

[134,137]. When 2
� E(T1) > E(T2) in an annihilator species, such as the cases
of 9,10-diphenylanthracene (DPA), T2 state is energetically
accessible during the TTA process, f takes the value of 0.4
for strongly exchange-coupled triplet pairs, with the
maximum of ΦUC to 20%. Functionalizing DPA to adjust the
energy levels and triplet lifetime can prohibit energy loss
channels and thus to enhance the ΦUC

[138,139].

The efficiency of TET1 from NCs to the mediator
(ΦTET1) depends on the properties of NCs, mediators, and
their interface. Sections 3 and 4 will discuss material in-
fluences on TET1. Significant efforts have focused on opti-
mizing the NCs/mediator interface to achieve ΦTET1 > 90%,
long triplet lifetimes, and fast TET rates.[56,76,114,140] The
mechanism of energy transfer at these hybrid interfaces has
been reviewed by Tang,[141] Wu,[142] Rao,[143] and Davis.[57]

In principle, the efficiency of TET2 of NC-based TTA-UC
system from the mediator to the annihilator (ΦTET2) is not a
major concern for systems as the concentration of the anni-
hilator typically is high (>1 mM) in solution, thus yielding a
sensitization process with close to unit efficiency.[144] How-
ever, this scenario only applies when the concentration of
excited mediators on the NCs' surface is sufficiently high

F I G U R E 3 Chemical structures of commonly used (a) nanocrystals (NCs) and mediators, (b) annihilators.
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TA B L E 1 Triplet-triplet annihilation photon upconversion (TTA-UC) based on semiconductor nanocrystals (NCs) (quantum dots)a.

NCs Mediators Annihilators EnT types
Ith [mW
cm−2 ]

λex
[nm] λem [nm] ΦUC [%]b Ref

CdS/ZnS NCs PPO PPO Not reported 7100 405 355 2.6 [73]

CdS NCs 1NCA PPO Not reported Not reported 405 355 0.4

CsPbX3 NCs 1NCA PPO Not reported 4700 445 363 >2 [74]

CsPbBr3 NCs 1NCA PPO Not reported 1900 443 355 5.1 [75]

CdS NCs 3PCA PPO Dexter-like 950 405 340–400 10.4 [76]

CsPbBr3 NCs PPOS TIPS-Nph Not reported 1600 515 375 0.007 [77]

CsPbBr3 NCs 9-PTA PPO Endothermic energy
transfer

2200 473 355 2.25 � 0.25 [78]

1600 443 6.1 � 0.4

ZnSe/ZnS NCs BCA DTBN Electron transfer 2400 405 310–380 3.1 [79]

CsPbBr3 NPLs 9-PCA PPO Not reported 620 450 355 Not reported [80]

CdSe NCs 9-ACA DPA Dexter-like >10,000 532 432 4.5 [81]

2.7 nmCdSe NCs 9-ACA DPA Not reported 19,800 488 400–450 7.5 [82]

12,700 532 7.7

CdSe/ZnS NCs 4-PyAn DPA Not reported 290 532 433 0.7 [83]

CdSe/ZnS NCs Not reported 810 0.045

CdSe NCs 4-PyAn 1290 0.013

2.6 nm CdSe NCs 9ACA DPA Dexter-like Not reported 532 432 7.15 [84]

CPA 1.95

CPPA 0.2

CdSe NCs 2,3-PyAn DPA Not reported 146.8 532 432 6.05 [85]

CsPbX3(X = Br/
I) NCs

AEDPA DPA Not reported 25 532 434 0.65 [86]

2.39 nm CdSe NCs 1,2,9-ACA DPA Not reported Not reported 532 Not
reported

1.9,0.6, 5.95 [87]

1,2,9
-ADTC

/488 1.5,0.55,0.05

CdSe NCs 9-ACA DPA Not reported Not reported 488 430 4.65 [88]

CdSe/CdS NCs Not reported A-MOF
(Ph2An þ Zn(II))

Dexter-like 1000 532 450 0.00045 [89]

CuInS2/ZnS NCs 9-ACA DPA Not reported >15,000 520 Not
reported

9.3 [90]

CdSe NCs Not reported T6 Dexter-like Not reported 520 Not
reported

Not reported [91]

CdSe NCs Ph2An Ph2An Not reported Not reported 560 Not
reported

0.325 [92]

An An

CsPbX3(Cl/Br) NCs Rhodamine
B

DPA Electron transfer 700 447 Not
reported

3.55 [93]

InP/ZnSe/ZnS NCs 9-ACA DPA Not reported 570 530 402 5.0 [94]

CdSe NCs 9-ACA DPA Not reported Not reported 532 430 7.9 [95]

CdSe/ZnS NCs Rhodamine
B

DPA Electron transfer 1200 635 402 1.4 [96]

CdSe NCs ADP DPA Not reported 163 488 430 8.5 [97]

CdSe:Au NCs 9-ACA DPA 200 532 425 12 [98]

(Continues)
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T A B L E 1 (Continued)

NCs Mediators Annihilators EnT types
Ith [mW
cm−2 ]

λex
[nm] λem [nm] ΦUC [%]b Ref

Hole-routing energy
transfer

CsPbBr3 NCs 2-ACA DPA Not reported 6900 443 425 6.5 [99]

CdSe NCs PyP0PAn DPA Charge hopping Not reported 488 430 5.8 [100]

PyP1PAn 2.25

CdSe NPL 9-ACA DPA Not reported 237 532 430 2.7 [101]

CdTe NR 9-ACA DPA Dexter-like 93 520 425 2.15 [102]

Si NCs 9EA DPA Not reported Not reported 532 425 7.5 [103]

CdSe NCs 9-ACA DPA Not reported Not reported 532 430 1.5 [104]

PbS NCs CPA DPA Dexter-like 220 637 430 0.3 [105]

CdSe NCs Not reported DPA Direct energy transfer Not reported 488 430 3.47 [106]

ZnSe/InP NCs 9-ACA DPA Not reported 1200 532 432 4.16 [107]

ZnSe/InP/ZnS NCs 600 4

PbSe NCs Not reported Rubrene Dexter-like >100,000 980 568 0.005 [81]

PbS NCs Not reported Rubrene: 0.5% DBP Not reported 12,000 850 612 0.6 [108]

17,000 960 0.25

26,000 1010 0.1

2.9 nmPbS NCs CPT Rubrene Dexter-like Not reported 808 570 0.85 [109]

2.5 nmPbSe NCs 1.06

PbS/CdS NCs 5-CT Rubrene Dexter-like 3.2 808 560 4.2 [110]

PbSe NCs Not reported Rubrene Dexter-like Not reported 808 560 0.005 [111]

PbS NCs Not reported Rubrene: 0.5% DBP Not reported 1100 980 610 0.8 [112]

PbS NCs Rubrene: 0.5% DBP Dexter-like Not reported 808 610 3.5 [113]

2.7 nmPbS NCs 5-CT Rubrene Not reported Not reported 785 560 1.75 [114]

3.2 nmPbS/CdS NCs 5-CT Rubrene Not reported Not reported 785 560 2.5

PbS-ZnS NCs Not reported Rubrene Dexter-like Not reported 785 560 0.14 [115]

Pbs-CdS NCs 0.065

PbS-T NCs 5-CT Rubrene Not reported 53,400 781 560 5.9 [116]

PbS-S NCs 5-CT Rubrene Not reported Not reported 781 560 2.3

MA0.15FA0.85PbI3 Not reported Rubrene (1% DBP) Hole transfer 500 785 610 1.55 [117]

PbS NCs TES-ADT TES-ADT (50 mM) Dexter-like 43,000 1064 660 0.047 [118]

MAFAPbI3 Not reported Rubrene/1%DBP Not reported 8.2 780 <650 Not reported [119]

PbS NCs 5-CT Rubrene Dexter-like Not reported 781 560 5.9 [120]

5-CPT 2.75

5-CPPT 1.25

PbS NCs TTCA V79 Not reported Not reported 808 650–800 0.031 [121]

PbS NCs Not reported Rubrene (0.5–1%DBP) Not reported 13 980 610 0.03 [122]

PbS NCs Not reported TES-ADT Not reported >66,000 785 580 0.145 [123]

>113,000 975 0.03

CuInSe2(Zn)/
ZnS NCs

5-CT Rubrene Not reported 2100 808 560 8.35 [124]

6 of 25 - RESPONSIVE MATERIALS
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T A B L E 1 (Continued)

NCs Mediators Annihilators EnT types
Ith [mW
cm−2 ]

λex
[nm] λem [nm] ΦUC [%]b Ref

PbS NCs Th-DPP Rubrene Dexter-like 4800 808 554 6.75 [125]

23,500 1064 554 0.19

Abbreviations: ADP, adenosine diphosphate; AEDPA, 2-(4-(10-phenylanthracen-9-yl)phenyl)ethan-1-amine; BCA, bicinchoninic acid; CPA, 4-Chlorophenoxyacetic acid; CPPA,
3-Chloroperbenzoic acid; DBP, dibutyl phthalate; DPA, 9,10-diphenylanthracene; DTBN, 5,5'-Dithiobis-(2-nitrobenzoic acid); NPL, nanoplatelet; NR, nanorod; PPO, PPO, 2,5-
diphenyloxazole; PPOS, 4-(2-phenyloxazol-5-yl)benzenesulfonate; TES-ADT, 5,11-bis(triethylsilylethynyl)anthradithiophene;) TTCA, trithiocyanuric acid.
aDifferent colors in the table represent different upconversion wavelength regions.
bThe maximum upconversion quantum yield (ΦUC ) is 50%.

coupled with a long triplet lifetime. Recent studies reveal that
ΦTET2 scales nonlinearly with changes in ΦTET1:

[94, 120]

ΦTTA and ΦA depend on the intrinsic properties of the
annihilator, including triplet lifetime, excited state energies,
and nonradiative decay rates. Understanding these properties
is key to analyzing NC-based TTA-UC systems[134,145].
Common annihilators are listed in Figure 3b and detailed in
Section 5.

2.3 | Apparent anti-Stokes shift of NC-
based TTA-UC

In most TTA-UC publications the anti-Stokes shift is re-
ported to represent the energy difference (in eV or cm−1)
between upconverted photons and the excitation photons.
According to International Union of Pure and Applied
Chemistry standards, a Stokes shift is defined as the energy
difference between the absorption and emission peak max-
ima of the same electronic transition.[128] However, in TTA-
UC processes, the absorption and emission processes do not
originate from the same electronic transition, Hanson and co-
workers proposed to describe it as an apparent anti-Stokes
shift.[129] To report the value of this apparent anti-Stokes
shift, it is crucial to consider the lowest energy absorption
peak of the sensitizer and the highest emission peak of the
annihilator, rather than solely focusing on the excitation
wavelength. As TTA-UC systems can be excited into low-
energy absorbance shoulders by using higher-intensity la-
sers, it can artificially increase the shift, and different values
can be obtained for the same system.

For TTA-UC systems based on molecular sensitizers, the
ISC process is crucial for accessing molecular excited trip-
lets, and the large singlet-triplet gap (0.1–1 eV)[146] results in
a small apparent anti-Stokes shift.[18,147] Achieving a large
shift at desired wavelength range is difficult due to the
complexities involved in precisely tuning the absorption
band and excited state energies of a molecular sensitizer.
These challenges arise from the intricacies of chemical
synthesis and the difficulties in energy matching with paired
annihilators. In contrast, colloidal NCs offer a straightfor-
ward approach to adjust size-dependent absorption and
excited state energy by controlling the conditions of the
colloidal synthesis. The achievement of large apparent anti-
Stokes shift in NC-based TTA-UC systems, relies on the
small splitting (~20 meV) between bright (singlet-like) and
dark (triplet-like) state of the NCs.[56,67,148] Although the

requirement of a mediator in NC-based TTA-UC can lead to
some energy loss, rationally designing the interface between
NCs and surface-anchored mediators or eliminating the use
of a mediator altogether can achieve anti-Stokes shift
approaching 1 eV or more.[76,81, 108,118] The excitation
wavelength and the upconverted wavelength of NC-based
TTA-UC systems are summarized in Table 1.

2.4 | Threshold of NC-based TTA-UC

The Ith of TTA-UC systems represent the onset intensity at
which the maximum efficiency regime is reached.[149,150]

When the excitation intensity is below Ith, the concentration
of annihilator triplets remains low, and their decay primarily
follows first-order processes. Consequently, the number of
annihilator triplets increases linearly with the excitation
power, resulting in quadratic growth of TTA-UC intensity
and inefficient upconverted emission. In contrast, when the
excitation intensity surpasses Ith, the concentration of
annihilator triplets becomes sufficiently high for bimolecular
TTA to become the dominant decay pathway. As a result, the
TTA-UC intensity grows linearly with the excitation power.
This threshold is a significant parameter in evaluating TTA-
UC systems because it determines the relevance of the
upconversion system for practical solar energy harvesting
application. The threshold can be determined by measuring
and plotting the TTA-UC intensity against the excitation
power density on a log-log plot. The quadratic growth can be
fitted using a slope of 2 for lower excitation power, while the
linear growth can be fitted with a slope of 1 for higher
excitation powers. The value of Ith corresponds to the power
density at the intersection point of these two lines. The
threshold of reported NC-based TTA-UC system is sum-
marized in Table 1. It should be noted that although the
threshold of NC-based TTA-UC can be reduced by
increasing the concentration of NCs to efficiently absorbing
incident photons, it also causes stronger reabsorption of the
upconversion photons thus lowering the external UCQY.

2.5 | Methods of performance
characterization

From the NCs perspective, obtaining insights into key op-
tical properties, such as size distribution, PLQY, and spectral
position, requires UV-visible absorption and PL emission
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spectroscopies. The absorption wavelength of the NCs can
be also used to estimate both the size and excited state en-
ergies.[151-152] The morphology of NCs can be characterized
by scanning electron microscopy, transmission electron mi-
croscopy, and dynamic light scattering. The number of me-
diators on the surface of the NCs can be characterized by
UV-visible absorption, Fourier-transform infrared (FTIR),
Nuclear Magnetic Resonance Spectroscopy, techniques,
among others.

The upconverted PL spectra can be recorded bymodifying
the configuration of a standard spectrofluorometer. This
modification involves replacing the excitation light source
with an adjustable light source that covers a wide range of
power intensities, from μW/cm2 to W/cm2 or even higher,
depending on the threshold intensity of the TTA-UC system.
Investigating the efficiency of each energy transfer step and its
impact on the overall UCQYis crucial for NC-based TTA-UC
systems. To achieve this, it requires the use of femtosecond
and nanosecond transient absorption spectroscopies to
analyze the formation of triplet states, the upconversion pro-
cess, and fast competing processes. Additionally, conven-
tional steady-state PL spectra, time-correlated single-photon
counting, and other transient emission techniques are utilized
to determine the quenching efficiency.

Obtaining key parameters for TTA-UC performance,
particularly threshold determination, can be time-consuming
as it requires precise measurement of more than tens of
upconverted intensities across a wide range of excitation in-
tensity. Recently, Edhborg and co-workers proposed a rela-
tively easy method by which the rate of TTA, triplet lifetime,
and threshold may be determined simultaneously using the
same set of time-resolved emission measurements.[153-154]

The system is based on using a pulse generator that triggers a
continuouswave diode laser to excite the samplewith a square
pulse sequence. The subsequent emission is recorded by an
oscilloscope. By globally fitting the decay traces, photon
upconversion luminescence at various excitation intensity,
triplet excited-state lifetimes (τT), rate constants for TTA
(kTTA), and Ith can be determined.

3 | NC MATERIALS FOR TTA-UC

The quality of NCs is key for constructing NC-based TTA-
UC system, and the properties of NCs significantly influence
TTA-UC performance. This section examines the synthesis
methods, size, surfactant ligand length, shape, quality, and
core/shell structures of NCs and their impact on TTA-UC.
Understanding and optimizing these factors are crucial for
enhancing the NC efficiency and the performance of TTA-
UC systems.

3.1 | The synthesis of NCs

The most commonly used method of synthesizing NCs is
colloidal synthesis.[155,156] Precursors can react in a colloidal

suspension, and the nucleation and growth of NCs is
controlled by surfactant ligands that bind to the surface of
NCs. The size and shape of NCs can be controlled by se-
lection of precursors and surfactant ligands, as well as re-
action conditions, such as temperature, pressure, and
reaction time. Wet colloidal synthesis can produce high-
quality NCs with well-controlled size, shape, and composi-
tion, which are important properties for many applications
including TTA-UC. It should be noted that wet chemistry
synthesis of NCs sometime can lead to contamination of
NCs due to impurities present in the precursors or solvent.
Therefore, it is crucial to careful purify NCs with proper
solvent and centrifugation or filtration to remove any
impurities.

Colloidal NCs via wet chemistry synthesis are well-
suited for TTA-UC, as it allows precise control of the size
and therefore of the band gap of NCs to meet those of
selected mediators and annihilators. The surface of colloidal
NCs can be easily modified through ligand exchange or
surface functionalization, which can enhance their stability
and enable their integration into a variety of TTA-UC sys-
tems. Moreover, further doping and shell growth can be
readily accomplished through colloidal synthesis to enhance
the overall performance.

To the best of our knowledge, there have not been any
reports on NCs prepared via physical vacuum methods used
for TTA-UC applications. The main reason is the surface
passivation and functionalization of NCs prepared via these
methods is more difficult compared to colloidal NCs and
limits the ability to optimize the surface chemistry, which
affect the energy transfer and exciton dynamics in TTA-UC.
However, as the field of TTA-UC continues to develop and
new materials and synthesis methods are explored, it is
possible that physically prepared NCs may be considered in
future studies and applications.

3.2 | The size of NCs

The size of the NCs is a critical parameter that affects the
TTA-UC efficiency, as the size directly correlates to the
bandgap. In general, smaller NCs, with a larger surface area
per unit volume, can provide larger driving force and
electronic coupling, thus can enhance the efficiency of
energy transfer between the NCs and the mediator mole-
cules. However, if the size of the NCs is too small, they
may suffer from significant surface defects and charge
trapping, which can reduce their TTA-UC efficiency.
Meanwhile, for a given annihilator it also narrows the
apparent anti-Stokes shift of TTA-UC. The NCs size effect
in triplet sensitization and TTA-UC has been reported for
CdS NCs,[76] CdSe NCs,[82,95] PbS(Se) NCs[108,111] and
CsPbBr3 perovskite NCs,[140] as shown in Figure 4.

We recently investigated different-sized CdS NCs for
visible-to-UV TTA-UC.[76] The average diameters of these
CdS NCs were 3.1 nm, 3.5 nm, and 4.3 nm. We observed
that the medium sized CdS NCs exhibited the highest UCQY

8 of 25 - RESPONSIVE MATERIALS

 28348966, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rpm

.20240030 by Statens B
eredning, W

iley O
nline L

ibrary on [12/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(ΦUC ¼ 10:4%) when matched with phenanthrene-3-
carboxylic acid (3-PCA) as the mediator and 2,5-dipheny-
loxazole (PPO) as the annihilator, while the smaller-sized
CdS NCs, with weaker absorbance in the visible range,
resulted in a slightly reduced ΦUC to 8.8%. The largest CdS
NCs provided a smaller driving force for the energy transfer
process, yielding ΦUC of 6.0%.

Huang and co-workers studied size-dependence of CdSe
NCs for visible range TTA-UC.[95,140] They have found that
as the CdSe NC diameter increases from 2.7 to 5.1 nm, ΦUC
decreases from 3.9% to less than 0.2%.[140] The reduction in
ΦUC in this case is not only due to the decrease in the rate of
TET from CdSe to the surface bound anthracene mediator,
but also depends on the quality of CdSe NCs, which will be
further discussed in the following section of NCs quality. By
improving the quality of CdSe NCs, they have further
investigated the TTA-UC performance of CdSe NCs with the
diameter varied from 2.4 to 5.3 nm,[95] and it was shown that
2.5 nm CdSe NCs had the highest ΦUC of 7.9%. The effi-
ciency of upconversion decreases with the size of CdSe NCs,
except the smallest CdSe NCs (2.4 nm) with a ΦUC of 6.4%.

A similar size dependence trend is also observed in PbS
and PbSe NCs within the NIR-to-visible light range. The
first solid-state NC-based TTA-UC thin films was reported
using three sizes of PbS NCs with absorption peaks at
850 nm, 960 nm, and 1010 nm, respectively.[108] The cor-
responding UCQY were found to be (0.6 � 0.1)%,
(0.25 � 0.03)%, and (0.11 � 0.02)% for the three sizes of
PbS NCs, respectively. Additionally, Mahboub et al. inves-
tigated solution-phase NIR-to-visible TTA-UC based on PbS
(and PbSe) NCs.[111] They observed a significant enhance-
ment in upconverted light intensity by reducing the size of
both PbS and PbSe NCs, achieving a 700-fold enhancement
for PbS NCs from 3.5 to 2.9 nm and a 250-fold enhancement
for PbSe NCs from 3.2 to 2.5 nm. However, the maximum
UCQY in this study was only about 0.005%. Further
improvement in the quality of NCs[116] and introducing
mediators[109] has proven to be efficient ways to enhance
NC-base NIR-to-visible TTA-UC.

Luo and co-workers investigated the size-dependent TET
from perovskite NCs to surface attached 1-pyrene-
carboxylic acid (PCA).[140] They prepared cube-shaped

CsPbBr3 NCs with varying edge lengths ranging from 3.5
to 11.2 nm. It was discovered that when the edge length
exceeded 9.4 nm, the TET from CsPbBr3 NCs to surface
anchored PCA was hardly observed. In the case of CsPbBr3
NCs, the influence of the driving force and spectral overlap
was found to be negligible on the TET rate. Instead, the TET
rate showed a linear scaling with the size-dependent carrier
probability density at the NC surface, which is consistent
with the Dexter-type TET mechanism that requires donor-
acceptor wave function overlap.[157-159]

3.3 | The length of surfactant ligands

The choice of surfactant ligands is another key factor for the
colloidal stability and function of NCs.[160-161] The forma-
tion of a surfactant layer around the NCs enables the
dispersion of NC in the solution and can passivate surface
defects by minimizing trap states. In general, longer carbon
chain of the surfactant ligands would result in the synthesis
of smaller particles with a narrower size distribution because
of the slower diffusion of stearic acid. Increasing the length
of the surfactant ligands would also enhance luminescence
and quantum efficiency. When utilizing NCs in TTA-UC,
achieving wave function overlap between NCs and energy
acceptors is crucial. The magnitude of this coupling is ex-
pected to exhibit an exponential decay with distance.
Therefore, the length of the surfactant chain plays a critical
role in TTA-UC, as it involves a tradeoff between enhancing
NCs quality and optimizing the efficiency of energy transfer.
Finding the right balance is crucial to maximize the perfor-
mance of NC-based TTA-UC systems.

In 2017, Nienhaus and co-workers investigated the triplet
exciton transfer to rubrene from PbS NCs with different
lengths of surfactant ligand in the solid-state.[113] Eight
different length of carboxylic acid ligands ranging from 4 to
18 carbon atoms resulted in the thickness of ligand shell
changing from 6 to 13 Å, as shown in Figure 5a. The rate of
TET from PbS NCs to rubrene is an order of magnitude
enhanced when the aliphatic ligand length reduces from 18
to 4C, with saturation for ligand shell thicknesses ≤10 Å.
The value of solid-state ΦUC increased from 0.6 � 0.1% for

F I G U R E 4 The size and absorption range of commonly used nanocrystals (NCs) in triplet-triplet annihilation photon upconversion (TTA-UC)
systems.
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long oleic acid ligands to 3.5 � 0.5% for shorter hexanoic
acid ligands (C6).[108] The authors noted that the shortest
ligands (C4), which hinder long-term colloidal stability,
offered little advantage for energy transfer. In 2021, Tripathi
and co-workers studied the solution phase NIR-to-visible
TTA-UC by directly attaching the emitter of 5,11-bis
(triethylsilylethynyl)anthradithiophene (TES-ADT) to PbS
NCs with three different lengths of carboxylic acid ligands
(C8, C12 and C18).[123] The rate and efficiency of TET from
PbS to TES-ADT was enhanced with the short ligand.
However, the PLQY of PbS NCs was decreased by intro-
ducing shorter ligands due to an increase in number of defect
states. Competition between the acceleration of TET and
non-radiative deactivation of the excited state led to an
optimization of UCQY at the middle-length ligand (C12). In
2022, Miyashita and co-workers investigated surfactant li-
gands of CdSe NCs with four different lengths ranging from
C8 to C16.[106] A direct TET from CdSe NCs to the anni-
hilator of DPA was observed when the surface ligand had a
length of C8, which can eliminate the requirement for a
mediator as TET relay. This resulted in a higher UCQY of
3.5% in the DPA and CdSe NCs system, compared to
<0.01% when using ligands with 18 carbons.

3.4 | The shape of NCs

The shape of NCs also impacts the energy transfer from
NCs to surface attached molecules. The shape-induced

modification of band structure, exciton relaxation and
adsorbing molecules can be attributed to change in the
radiative and non-radiative rates, and thus influence the
energy transfer efficiency.[162] Most published NC-based
TTA-UC systems utilize spherical NCs due to the
straightforward control of colloidal synthesis. On the one
hand, the symmetrical shape allows for a uniform distri-
bution of states and provides a high surface-to-volume
ratio, enabling efficient surface functionalization and en-
ergy transfer. On the other hand, the non-spherical NCs
can introduce preferential orientations and directional
pathways for energy transfer processes. VanOrman and co-
workers studied anisotropic CdSe nanoplatelets (NPLs) for
green-to-blue upconversion[101] and CdTe nanorods (NRs)
for red-to-blue upconversion.[102] CdSe NPLs exhibited a
lower UC threshold than comparable CdSe spherical NCs,
however, the UCQY of 2.7% in CdSe NPLs is lower than
that of spherical NC-based TTA-UC systems. A low
UCQY was attributed to the strong back-transfer caused
by the large oscillator strength of the NPLs. Stacking of
the NPLs also resulted in TET-inactive transmitter ligands
or steric hinderance for accessing surface ligands for TTA-
UC. A considerably lower UC threshold was observed in
CdTe NRs, with Ith = 93 mW/cm2. Authors suspected that
the lower UCQY of 2.2% was possibly caused by internal
grain boundaries of the NRs acting as undesired recom-
bination centers. Moreover, the aggregation of the NRs
can also introduce potential loss pathway analogous to
NPLs stacking.

F I G U R E 5 Nanocrystals (NCs) with varied length of surfactant ligands. (a) PbS NCs with carboxylic acid ligands ranging from 6 to 13 Å in length,
and the TET time (τTET) to rubrene was exponentially increased with the ligand shell thicknesses (Lc). Reproduced with permission.[113] Copyright 2017
American Chemical Society. (b) PbS NCs with three different lengths of carboxylic acid ligands with 8, 12 and 18 carbon atoms. Reproduced with
permission.[123] Copyright 2021 American Chemical Society. (c) CdSe NCs with four different carbon ligands to facilitate triplet exciton transfer to DPA.
Reproduced with permission.[106] Copyright 2022 American Chemical Society. DPA, 9,10-diphenylanthracene.
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3.5 | The quality of NCs

Defects in NCs can have a negative impact on the efficiency
of TTA-UC. Defects such as surface traps and non-radiative
recombination centers can reduce the available energy for the
process and interfering with the efficiency of TET at the
interface. Therefore, it is important to minimize defects by
improving the quality of the NCs. This can be achieved by
carefully selecting precursor sources, the feed molar ratio, the
reaction temperature and time, and the purification steps.[163-
164] Huang and co-workers reported the enhancement in NIR-
to-yellow TTA-UC by synthetically improving the quality of
the PbS NC.[116] By using highly purified lead and thiourea
precursors, the PLQYof PbS NCs can be as high as 34% and
the corresponsive UCQY is 5.9%. For comparison, PbS NCs
synthesized by using commercially available lead and sulfide
precursors yielded a slightly lower PLQYof 30% and UCQY
of 2.3%. The enhanced TTA-UC performance can be attrib-
uted to the longer intrinsic exciton lifetimes of high quality
PbS NCs and the ability to support a longer triplet lifetime for
the surface-bound mediators. In our recent study of visible-
to-UV TTA-UC, the CdS NCs were synthesized at lower
reaction temperature (less than 200 °C) with a longer
annealing time (~1 h) and purified with modified hexane-
acetonitrile precipitation.[76] Compared to previously re-
ported CdS NCs used for visible-to-UV TTA-UC,[73] the
PLQY of these CdS NCs was about 5-fold enhanced, which
led to a significantly improved UCQY of 9.1%.[76]

3.6 | Core-shell NCs

The synthesis of a shell on NCs has proven to be an efficient
approach to improve the stability, remove surface traps,
control surface chemistry, and tailor optical properties for
various applications, including TTA-UC. It should be noted
that the shell materials should preferably crystallize in the
same structure as the core materials and exhibit a small
lattice mismatch.[165] The shell material and its interface
engineering with the core and mediator also needs to be
considered for optimizing energy transfer. Regarding the
TTA-UC application, the shell works as a barrier between
the NC core and the mediators/annihilator. Since the short-
range Dexter-type processes from NCs is very sensitive to
the distance, the thickness of the shell is a critical factor that
influences the energy transfer efficiency.

CdS/ZnS and ZnSe/ZnS core/shell NCs have been re-
ported in visible-to-UV TTA-UC systems, as shown in
Figure 6a.[73,79] The growth of ZnS shell on CdS NCs can
passivate the surface traps to improve PLQY from 4.4% to
26% and increase the efficiency of TET to 90%. However, the
ZnS shell also acts as a tunneling barrier for TET,which results
in an optimal 4 monolayers of ZnS shell that maximizes the
visible-to-UV UCQYof 2.6%.[73] In the case of heavy metal-
free ZnSe/ZnS core/shell NCs, a thermodynamic (slow)
shellingmethodwas used tominimize the formation of traps at
the core/shell interface.[166] To balance between defect
passivation and TET efficiency, here a 1.4 monolayer ZnS

F I G U R E 6 Core-shell nanocrystals (NCs) used in triplet-triplet annihilation photon upconversion (TTA-UC) (a) photoluminescence (PL) quenching
efficiency and upconversion quantum yield (UCQY) as a function of ZnS shell thickness on CdS NCs. Reproduced with permission.[73] Copyright 2017,
the Royal Society of Chemistry. (b) UCQY as a function of ZnS and CdS shell thickness on CdSe NCs. Reproduced with permission.[88] Copyright 2018,
American Chemical Society. (c) UCQY as a function of CdS shell thickness on PbS NCs. Reproduced with permission.[110] Copyright 2016, John Wiley
and Sons.
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shell was grown on ZnSe NCs, leading a high PLQYof 78%
and TETefficiency of ~73% that eventually resulted in UCQY
of 3.1% in visible-to-UV light region.[79]

The most common core/shell NCs for visible light range
TTA-UC is CdSe/ZnS NCs.[83,88,96] The first report was
based on commercial CdSe/ZnS NCs without the detailed
information on the shell thickness.[83] Compared to com-
mercial CdSe core-only NCs, the UCQY can be enhanced
about 50-fold, although the overall UCQY was as low as
0.7%. The low UCQY in this case was possibly due to the
non-optimized shell thickness and low TET efficiency to the
mediator. Huang and co-workers further investigated the
impact of shell thickness on the efficiency of TET and TTA-
UC. CdS and ZnS shells with different shell thicknesses
were grown on CdSe NCs (Figure 6 (b)). The shell enhanced
TET by removing surface traps and increasing the exciton
lifetime. It resulted in an optimal UCQY of ~4.6% for 1.5
monolayer of ZnS shell, and UCQY of 1.2% in 1.8 mono-
layer of CdS shell. The authors attributed the different ef-
fects of ZnS and CdS shell to the shorter exciton lifetime and
increased exciton−phonon coupling of CdS.[88] Wu's group
reported non-toxic CuInS2/ZnS and InP/ZnSe/ZnS core/shell
NCs for visible range TTA-UC.[90,94] A sub-monolayer of
ZnS shell was grown onto the CuInS2 NCs to improve their
stability and dispersibility in the solution. Multi-shell
structure of InP/ZnSe/ZnS NCs was introduced because the
lattice constant of ZnSe lies between those of InP and
ZnS.[167] This multi-shell with a thickness of ~0.6 nm can
passivate the trap states and provide long-term stability.

PbS/CdS core/shell NCs are generally used in NIR-to-
visible TTA-UC, as shown in Figure 6c.[110,114] A mono-
layer or sub-monolayer CdS shell on PbS NCs can enhance
TET efficiency by passivating trap states to suppress
competitive charge transfer and prolongs the lifetime of the
mediator triplet excited state. The efficiency of TET and
UCQY reduce with further growth of the shell because of the
introduction of a large tunneling barrier. Very recently, non-
toxic ZnCuInSe/ZnS core/shell NCs for NIR-to-visible TTA-
UC was reported,[124] and the 0.6 nm ZnS shell improved the
stability of the NCs and prevented leakage of elements from
the core. The high UCQY of 8.4% enabled the use of NIR
light for organic synthesis and polymerization, which is
further discussed in the application section.

In this section, we have provided a comprehensive
summary of the key factors influencing the performance of
TTA-UC using NCs. Although we have individually dis-
cussed the size, surfactant ligand, shape, quality, and shell of
NCs, it is important to acknowledge that these factors
collectively contribute to the overall performance. Thus,
careful design and control of the NCs is paramount for
achieving high performing TTA-UC systems. This involves
meticulous attention to details, ensuring optimal size,
appropriate surfactant ligands, desired shape, high-quality
materials, and well-designed shells to enhance stability and
balance between passivating trap state and efficient TET.
Additionally, it is crucial to note that the exact mechanism of
relaxation may vary between different systems, depending

on factors such as property of intrinsic materials, the surface
quality, and anchoring groups. Understanding these nuances
is vital for gaining insights into the relaxation process and
further advancing the development of high-performing TTA-
UC systems.

4 | MEDIATORS

Excited state lifetimes of the NCs are typically on the
timescale of tens of nanosecond to a few microseconds,
which is insufficient for diffusion-limited TET, therefore,
mediators are frequently introduced by anchoring them onto
the surfaces of the NCs through functional groups. These
mediators play a crucial role in accepting triplet energy from
the NCs and facilitating its transfer to the annihilators. In this
section, we will focus on discussing how the anchoring
group, number of anchored mediators, bridge length, and
orientation of the mediators impact the performance of TTA-
UC. However, it is worth noting that there are NC-based
TTA-UC systems that are functionalized without intro-
ducing mediators. These systems rely on the direct energy
transfer to annihilators through a Dexter-type process upon
excitation across the band gap of NCs, and we will start with
these designs first.

4.1 | NC-based TTA-UC without mediators

Two types of designs exist for NC-based TTA-UC without
mediators. The first type relies on diffusion-controlled en-
ergy transfer between NCs and annihilators. This approach is
generally feasible with PbS or PbSe NCs,[81,108,111,113] which
have longer PL lifetimes in the microsecond range and larger
Bohr radii (the separation distance between electron and
hole, 55 nm for PbSe, 21 nm for PbS), compared to CdSe
(4 nm) and CdS (2 nm) NCs.[168] Therefore, NIR-to-visible
TTA-UC can be achieved by introducing for example,
rubrene as the annihilator without the need for mediators.
However, the overall UCQY is typically lower than 1%, and
it only increases to 3.5% when a shorter hexanoic acid is
utilized as the surfactant ligand for PbS NCs.[113] The second
type involves functionalizing the annihilators themselves
with anchoring groups. For instance, by combining CdS/ZnS
NCs with PPO as the annihilator, visible-to-UV TTA-UC
can be achieved without a typical mediator.[73] This could
be attributed to the oxazole nitrogen of PPO binding to the
ZnS surface, enabling short-distance Dexter-type energy
transfer. Another example is TES-ADT, which was used as
an annihilator for PbS NC-based TTA-UC.[118,123] The
thiophene group in TES-ADT allows close association with
the PbS surface, which eliminates the need for additional
mediators.

NC-based TTA-UC without mediators offers advantages
such as simplified system design and the potential for a large
apparent anti-Stokes shift. However, achieving efficient
TTA-UC without mediators poses challenges. It necessitates

12 of 25 - RESPONSIVE MATERIALS

 28348966, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rpm

.20240030 by Statens B
eredning, W

iley O
nline L

ibrary on [12/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



careful selection and design of the NCs and the annihilators
to ensure efficient energy transfer.

4.2 | Approaches to introduce mediators

Before detailed discussion how the mediator impacts the
efficiency of NC-based TTA-UC, we briefly explore the
methods employed for anchoring the mediator to the surface
of NCs. A common approach involves the ligand-exchange
method, wherein the original ligands of the NCs are dis-
placed by the mediator. This is generally carried out by
mixing the mediators with the NCs solution and heating to
an appropriate temperature, sometimes followed by soni-
cation. After the ligand exchange reaction, the NCs anchored
with mediators are separated from the excess ligands. This
separation is typically accomplished through centrifugation
or filtration, followed by multiple washes with a suitable
solvent to eliminate any unreacted ligands or impurities.

In addition to the ligand-exchange method, our group
and others also employ a direct mixing approach to introduce
the mediator.[76,91,101-102] This alternative method becomes
particularly valuable when challenges arise with the ligand-
exchange process, preventing a sufficient number of medi-
ators loaded on the NCs' surface for efficient TTA-UC. The
direct mixing approach facilitates efficient TET from the
NCs, benefiting from the presence of both surface-bound
ligands and dynamically weakly bound ligands. However,
it is crucial to carefully select the concentration of the
mediator when employing this approach to avoid potentially
detrimental hetero-TTA between the annihilator and medi-
ator, as well as reabsorption of upconverted photons.

4.3 | Anchoring groups

To relay the energy transfer between NCs and annihilator,
the mediators are required to attach to the NCs surface via
anchoring groups. The selection of suitable anchoring groups
is crucial as they can impact the stability, solubility, surface
chemistry, optical and electronic properties of NCs, as well
as the properties of the interfaces and the energy transfer
process. Previous studies have employed several common
anchoring groups for the surface functionalization of NCs,
including the carboxylic acid group,[56,91-92,97-98,109,169-170]
diphosphoric acid group,[97] pyridyl moiety,[83,85,100] and
thiol ligands,[87,123] as shown in Figure 7.

The carboxylic acid group as the most common anchoring
group has been widely utilized to functionalize anthracene
with CdSe NCs, tetracene with PbS or PbSe NCs, naphthalene
or phenanthrene with perovskite NCs and CdS
NCs.[72,97,109,170] These carboxylic acid groups offer stability
and chemical versatility. However, the carboxyl groups tend to
be weakly bound to the surface of NCs, which can lead to
surface saturation and detachment, limiting the density of
attached functional groups and reducing the efficiency of the
subsequent energy transfer process. The diphosphoric acid

group is an alternative functional group that binds to the sur-
face of NCs through coordination bonds formed by the two
phosphorus oxygens of the ligand.[97] These bonds provide
robust attachment and reduce the likelihood of detachment or
surface saturation. However, it is associated with synthetic
complexity of the desired mediators. The use of the diphos-
phoric acid group as an anchoring group may also lead to a
reduction in the optoelectronic properties of NCs and restrict
their solubility. The thiol ligands, typical heterocyclic
anchoring group, can form coordination bondswithmetal ions
on the NCs' surface to achieve effective anchoring.[87] This
group exhibits robust coordination bonds, but they might
induce delocalization of excitonic hole onto the ligands and
inhibit TET across the interface.[171-172] The linking ability of
the pyridyl moiety to the surface of NCs is relatively weak.[83,
85, 100] as it is through the non-covalent Lewis acid-base in-
teractions between the pyridyl moiety and metal ions of the
NCs. It is important to note that the specific linking abilities
may vary depending on experimental conditions and molec-
ular structures.

4.4 | The number of anchored mediators

The number of mediators on the surface of the NCs also
strongly affects the performance of NC-based TTA-UC. Lian
and co-workers investigated the TET process by anchoring
oligothiophene carboxylic acid (T6) to the surface of CdSe
NCs via mixing approach for triplet energy sensitization.[91]

The efficiency of TET from CdSe NCs to T6 increased when
the T6 concentration increased, with ΦTET1 = 15.4 � 0.6% at
a concentration of 50 mM to 31.8 � 1.2% at a concentration
of 375 mM. The low efficiency of TET can be explained by
the average number of adsorbed T6 per CdSe NC is only
around 0.5 at the highest concentration. We also used a
mixing approach to introduce mediators on the surface CdS
NCs, and efficient TET was observed with ΦTET1 > 90%.[76]

This is achieved because the number of bound ligands can be
estimated to be about 20 per CdS NC in our case.

However, considering the overall TTA-UC performance,
it is important to note that having a larger number of

F I G U R E 7 Commonly used anchoring groups for attaching
mediators to nanocrystals (NCs).
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anchored mediators does not always guarantee higher
upconversion efficiency. Huang et al. investigated mediator
of 4-(tetracen-5-yl)benzoic acid (CPT) for the sensitized
upconversion of NIR photons in PbS and PbSe NCs, as
shown in Figure 8.[109] The number of bound mediators
varied from 14 to 45 per PbS NC (2.9 nm) and from 3 to 22
per PbSe NC (2.5 nm). The maximum UCQYs were ach-
ieved in the cases of 30 CPT molecules bound to one PbS
NC and 5 CPT molecules bound to one PbSe NC. Further
increasing the number of mediators on the surface causes a
reduce in the UCQY, due to dye interactions between two
nearby CPT molecules on the NC surface that suppresses the
photon upconversion.

4.5 | Orientation

The positioning of the anchoring group on the mediator also
takes an important role as it dictates the orientation of the
attached mediator on the surface of the NCs. The orientation
of the attached mediator on the surface of NCs impacts the
electronic coupling (orbital overlap) between them. This, in
turn, can affect the efficiency of energy transfer and ulti-
mately influence the TTA-UC performance. Xia and co-
workers studied anthracene with two functional groups,
carboxylic acid and dithiocarbamate, that varied between the
1-, 2- and 9-positions, as shown in Figure 9. These anthra-
cene isomers served as mediators for CdSe NCs and DPA for
photon upconversion.[87] In general, anthracene functional-
ized at the 1-position are more effective compared to the 2-
position in mediating energy transfer. CdSe/9-ACA NCs
showed the highest UCQY at around 6%, which was
approximately 10 times higher than CdSe/2-ACA, while the
CdSe/9-ADTC NCs had the lowest UCQY at 0.1%. Li and
co-workers designed a series of bidentate bis(pyridine)
anthracene isomers (2,3-PyAn, 3,3-PyAn, 2,2-PyAn) that
differ in their binding geometries for CdSe NC-based TTA-
UC.[85] When the mediator binds via the two pyridine N
atom,s the anthracene long-axis was parallel to the NC sur-
faces. They observed that the 2,3-PyAn isomer yielded the

highest UCQYof ~6.5%, followed by 3,3-PyAn (~4.1%) and
2,2-PyAn (~1.3%). Okumura and co-workers used one pyr-
idine moiety for perpendicular binding of anthracene to the
CdSe/CdS core-shell NCs. In this case it resulted in an
UCQY of 0.7%.[83]

He et al. further studied anthracene with the carboxylic
acid group at 2- and 9-position, for TTA-UC based on
CsPbBr3 and CdSe NCs.[99] They found that, in the case of
CsPbBr3 NCs, 2-ACA had a higher UCQY than 9-ACA,
which was exactly opposite to previous observation for CdSe
NCs. They explained the opposite trends from quantum
confinement of NCs, which can strongly affect the electronic
coupling between NCs and surface-anchored mediator. CdSe
NCs are more strongly quantum-confined than CsPbBr3 NCs,
and tend to have higher carrier wavefunction amplitudes on
NC surfaces,[159] which favor the through-space electronic
coupling between NCs and surface-anchored mediators.
Coupling with 9-ACA is more efficient than 2-ACA in the
case of CdSe NCs, due to the center of the anthracene moiety
of 9-ACA is closer to NCs than that of 2-ACA. For weakly
confined CsPbBr3 NCs, the chemical resonance effect in 2-
ACA enabled by the co-planar configuration between the
carboxylate and anthracene moieties, opens up a through-
bond coupling between NCs and 2-ACA.

4.6 | Bridge distance

As the energy transfer from NCs to the mediator is through a
Dexter-type energy transfer, the efficiency of energy transfer
is very sensitive to the length of the bridge group between
NCs and the mediator. Li and co-workers investigated the
distance-dependent TET from CdSe NCs to anthracene, in
which a rigid aromatic and flexible aliphatic spacers with
different lengths were used as the linkers (Figure 10a).[84]

The rate constant of TET and UCQY in the presence of a
rigid aromatic linker exhibited an exponential dependence
on the length of the bridge. It decreased with an increase in
the number of phenyl groups from 0 to 2. Surprisingly,
different lengths of flexible aliphatic bridges have no effect

F I G U R E 8 PbX (X = S, Se) nanocrystals (NCs) with varied number of surfactant ligands. (a) Schematic of PbX (X = S, Se) NC-based triplet-triplet
annihilation photon upconversion (TTA-UC). (b) Relative upconversion quantum yield (UCQY) and bound number of the mediator to PbS NCs versus
ligand concentration in the solution. (c) Relative UCQY and bound number of the mediator to PbSe NCs versus ligand concentration in the solution.
Reproduced with permission.[109] Copyright 2016, the Royal Society of Chemistry.
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on the rate of TET. Huang and co-workers further investi-
gated the TET process from CdSe NCs to anthracene with
the aromatic spacer linkers with a length of 0 to 5 phenylene
unit, as shown in Figure 10b.[100] They observed that the
TET rate decreased exponentially when phenylene units
were below 3. However, the TET rate increased again when
the length of the rigid bridge was increased to 4 and 5
phenylene units. They explained that a transition from
exciton tunneling to hopping resulted in relatively efficient
and distance-independent TET beyond the traditional 1 nm
Dexter distance.

Xu and co-workers designed PbS NC-based TTA-UC
systems using the mediator molecules with the same tetra-
cene triplet acceptor but varying length of phenyl linkers
(Figure 10c).[120] With increasing linker length, the effi-
ciency of TET1 from the PbS NC to the mediator decreased,

while the efficiency of TET2 from the mediator to rubrene
annihilators increased. The combined results led to a net
decrease of UCQY with distance in the assemble of PbS NC-
based TTA-UC systems.

To optimize the overall performance of NC-based TTA-
UC systems from the mediators' perspective, various factors
need to be taken into account. In addition to the energy
alignment between NCs and the annihilator, considerations
should include the choice of anchoring group, the number of
anchored mediators on the NCs' surface, the orientation of
the mediator, and the bridge distance between the NCs and
the mediator. Achieving an optimal balance among these
factors is crucial. By carefully adjusting and optimizing
these parameters, it is possible to enhance the efficiency of
energy transfer in NC-based TTA-UC systems, thus can lead
to improve an overall performance.

F I G U R E 9 The effect of orientation of the mediator anchored on the surface of nanocrystals (NCs). (a) Schematic of the energy transfer with CdSe
NCs as sensitizer and anthracene isomers as mediators (left), and the fluorescence quantum yields (QY) of anthracene isomers (right). Reproduced with
permission.[87] Copyright 2017, the Royal Society of Chemistry. (b) Schematic of the energy transfer with CdSe NCs as sensitizer and bis(pyridine)
anthracene isomers as mediators (left), and the triplet energy transfer (TET) efficiency and the corresponding upconversion quantum yield (UCQY) for
each bis(pyridine) anthracene isomers (right). Reproduced with permission.[85] Copyright 2017, John Wiley and Sons.
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5 | ANNIHILATORS

Compared to the sensitizers, less work has been devoted to
the design of new annihilators. In order to achieve high
UCQY, the requirements for the annihilators are: high PLQY
(nearly 100%), long-lived triplet state (preferably on the
millisecond time scale), and that the energy of the S1 is lower
than twice the energy of T1. It should be noted that twice the
energy of T1 cannot be too high to allow the access of other
parasitic states, such as the first quintet state (EQ1) and the
second excited triplet state (ET2).

[33] For photon upconver-
sion sensitized by NCs, the most commonly used annihila-
tors are quite limited and reported in Figure 3. For NC-based
TTA-UC systems, PPO is generally used for visible-to-UV
upconversion, DPA for green-to-blue upconversion, and
rubrene for NIR-to-yellow upconversion. In 2019, Nishi-
mura and co-workers showed that TES-ADT, with a triplet
energy of 1.08 eV (1150 nm) and TTA efficiency of 20%,
can upconvert to visible wavelengths with an excitation
wavelength at 1100 nm. However, the PLQY of TES-ADT
reduces significantly when the concentration increases,
from 74% at 0.2 mM to 2.6% at 100 mM, mainly due to a
conversion from S1 to a pair of triplets (TT) through singlet
fission at high concentration.[173] Gholizadeh and co-workers
used violanthrone-79 (V79) as the annihilator combined with

PbS NCs for upconversion of NIR light from below the
silicon bandgap.[121] They estimated that the T1 state of V79
is between 0.94 and 0.98 eV, the PLQY is 25% in dilute
solution, and the TTA efficiency is 0.65%.

6 | SOLID-STATE NC-BASED TTA-UC

As discussed earlier, many advancements have been made in
the research on liquid-phase NC-based TTA-UC, in many
cases resulting in UCQYs exceeding 10%. There is an urgent
need for developing solid-state NC-based TTA-UC towards
practical applications, especially in overcoming the Shockley-
Queisser limit of photovoltaic cells. Baldo's research group
conducted a series of research and structural optimization of
solid-state devices, as indicated in Figure 11. In 2015, they
developed a solid-state upconversion film by thermally
evaporation of PbS NCs as sensitizers and rubrene as annihi-
lators, and they achieved upconversion from λ > 1000 nm to
the visible. However, this design exhibited a lowUCQYabout
0.6� 0.1% due to inadequate light absorption.[108] Thereafter,
they proposed an improved colloidalNC-sensitized solid-state
upconversion device structure, by using an optical spacer layer
and a silver film back reflector deposited by thermal evapo-
ration.[112] The optical spacer layers and a silver reflector

F I G U R E 1 0 The bridge length dependence of NC-based triplet-triplet annihilation photon upconversion (TTA-UC). (a) upconversion quantum yield
(UCQY) and triplet energy transfer (TET) rate as a function of bridge length in CdSe NC-bridge-anthracene hybrid system less than 10 Å and (b) longer
than 10 Å. Reproduced with permission.[84,100] Copyright 2016 and 2020, American Chemical Society. (c) Schematic of PbS nanocrystals (NCs) as
sensitizer and tetracene mediators with n = 0, 1, and 2 phenyl spacer groups (left), and efficiencies of TET1 from the PbS NCs to the mediators (green
circles), TET2 from the mediator to rubrene annihilators (blue squares), calculated theoretical UCQY (black triangles), and measured UCQY (gray
diamonds) of four indicated quantum dot (QD)/mediator combinations. Reproduced with permission.[120] Copyright 2020, American Chemical Society.
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optimized the interference effects to improve NIR light ab-
sorption. The output intensity of the upconverted emission at
610 nm was an order-of-magnitude enhanced by improving
the infrared light absorption. Under the incident light intensity
of 1.1W/cm2, this device achieved anUCQYof 0.8� 0.1%. In
2021, the same group further optimized the solid-state TTA-
UC by integrating the upconversion layer into a Fabry-Perot
microcavity.[122] The structure of the microcavity consists of
a distributed Bragg reflector (DBR) and a rear silver mirror
with optical spacers. The DBR was composed of four pairs of
quarter-wavelength-thick films of titaniumdioxide and silicon
dioxide, with a 90% reflectance at the pump wavelength of
980 nm. A layer of PbSNCs with the thickness of ~10 nmwas
spin-coated on the DBR. Then a 50 nm thick rubrene film
doped with 1 vol% dibutyl phthalate, a bathocuproine (BCP)
film as an optical spacer, and a 100 nm thick silver film were
sequentially deposited by thermal evaporation. At the reso-
nance wavelength of 980 nm, the absorption of the PbS NCs
increased 74 times and the upconversion emission intensity
increased 227 times. The threshold excitation intensity was
reduced by 2 orders of magnitude to reach a subsolar flux of
13 mW/cm2.[122] However, this design still exhibited a low
UCQYof only 0.06 � 0.01%.

Shogo Amemori et al. prepared two hybrid materials that
showed TTA-UC in the solid-state by combining NCs and
metal-organic frameworks (MOFs, Figure 12).[89] Green-to-
blue TTA-UC was observed in the hybrid of an anthracene-
based MOF and CdSe/CdS core-shell NCs, and NIR-to-
yellow TTA-UC was observed in the hybrid of a tetracene-
based MOF and PbS NCs. The UCQYs of this approach
were very low (0.0009% at most), which could partly be due
to low energy transfer efficiency from NCs to annihilator
contained MOFs. Emily M. Rigsby et al. realized a TTA-UC
film by drop casting the mixture of the polymer poly(9-
vinylcarbazole), CdSe NCs functionalized with 9-ACA and
DPA (Figure 13).[104] The UCQYof the film reached 1.5% at
a high excitation density exceeding 10 W/cm2.

The performance of NC-based TTA-UC in the solid state
remains relatively low, especially in terms of UCQY.
Therefore, further investigation is necessary to explore
efficient approaches for fabricating solid-state TTA-UC
systems. Taking experiences gained from molecular-
sensitized TTA-UC could potentially help in achieving this
goal. In 2007, Castellano and co-workers embedded a mo-
lecular sensitizer of PdOEP and DPA into a rubbery polymer
matrix, and achieved the first example of incoherent low-
power upconversion in a semi-solid polymer film.[174] Sub-
sequently, supramolecular, macromolecular, MOF structures,
self-assembly, and hard-shell soft/liquid-core particles
methods have emerged to overcome the diffusion limit of
TTA-UC[33,175] and the maximum UCQY in the solid state
has been improved to approach 10%.[176-179] These methods
can be further applied in developing solid-state NC-based
TTA-UC.

7 | APPLICATIONS OF NC-BASED TTA-
UC SYSTEMS

Over the past decade, intensive efforts in developing NC-
based TTA-UC have yielded significant improvements in
upconversion efficiency and expansions of the wavelength
range. This progress not only opens doors for further
exploration of NC-based TTA-UC, but also makes it appli-
cable towards practical applications such as solar energy
harvesting and photochemical reactions using low-energy
photons.[180-181] Apart from the potential to enhance the
efficiency of solar devices, NC-based TTA-UC enables
enhanced light penetration because of the comparably long
wavelength light used for excitation. Moreover, NC-based
system offers easy redispersion and recycling of the mate-
rials, thanks to non-solvent surface ligands and ligand ex-
change capabilities of NCs. This feature provides flexibility,
cost savings, and time efficiency in experimental

F I G U R E 1 1 Interference-enhanced NIR-to-visible triplet-triplet annihilation photon upconversion (TTA-UC) in solid-state thin films. (a) Structure
diagram of bilayer, single mirror, and microcavity devices. (b) Dependence of the upconverted (PL) on the incident intensity at λ = 980 nm. Reproduced
with permission.[122] Copyright 2021, the Authors.
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applications. Although the broad absorption band of the NCs
leads to the reabsorption of upconverted photons and sub-
sequently decreases the external UCQY, it offers an advan-
tage for practical applications. This advantage lies in its
ability to maximize solar harvesting efficiency through both
direct absorption and upconverted photon utilization.

7.1 | Solar energy harvesting

Combining TTA-UC sensitizer and annihilator pairs on metal
oxide substrates is a commonmethod to generate photocurrent
by extracting charges directly from upconverted excited
state.[132,182] Shan and co-worked reported a family of pho-
toelectrodes with upconverting NCs assemblies as the

photosensitizer. Bi-carboxylic acid derivatized anthracenes
acts as both a bridge for anchoring CdSe NCs onto the oxide
electrodes and an energy transfer acceptor for the excited state
of CdSe, as shown in Figure 14a. Under green light illumi-
nation, the TTA-UCprocess resulted in the generation of high-
energy singlet excitons, which enabled efficient electrons in-
jection into the conduction band of n-type TiO2 as the pho-
toanode or hole injection into the valence band of p-type NiO
as the photocathode. However, these upconverting assemblies
still featured relatively low UCQY (<0.4%) at the surface of
photoelectrodes. Further improving surface packing of the
assemblies, replacing core/shell type NCs, and optimizing the
chemical structure of annihilators could enhance the UCQY
towards practical application in photoelectrocatalytic cells by
using low-energy light for water splitting or CO2 reduction.

F I G U R E 1 3 Solid-state approach by drop casting polymer and triplet-triplet annihilation photon upconversion (TTA-UC) components. (a) TTA-UC
system of CdSe NCs-9-ACA-DPA combined PVK polymer. (b) The image of solid state TTA-UC in PVK thin film. Reproduced with permission.[104]

Copyright 2021, the Royal Society of Chemistry. PVK, polymer poly(9-vinylcarbazole).

F I G U R E 1 2 Solid-state approach by combining nanocrystals (NCs) and metal-organic frameworks (MOFs). (a) Schematic illustration of the CdSe/
CdS@A-MOF for green-to-blue triplet-triplet annihilation photon upconversion (TTA-UC). (b) Schematic illustration of the PbS@T-MOF for NIR-to-
visible TTA-UC. Reproduced with permission.[89] Copyright 2018, the Royal Society of Chemistry.
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In 2019, Beery and co-workers integrated CdSe NCs as
the sensitizer in an integrated TTA-UC solar cell. The pho-
toanode consists of TiO2, phosphonated DPA acceptor
molecules, and CdSe NCs sensitizers in a layered architec-
ture, as shown in Figure 14b.[130] Under AM1.5G solar
irradiation, sensitization and TTA process allow to inject an
electron to the conduction band of a fluorine-doped tin oxide
electrode. The maximum efficiency onset threshold is re-
ported to be 0.9 mW/cm2 and the photocurrent gain of this
design is 29 μA/cm2. The performance of this design is
lower than those of the previous molecular sensitized de-
vice,[183-185] due to lower sensitizer surface loadings, low
energy transfer yield, slow regeneration kinetics, and
competitive CdSe excited state quenching by redox pro-
cesses. Further improving TTA-UC performance and opti-
mizing of TTA-UC solar cell design will pave the way for
practical application in enhancing solar energy harvesting.

7.2 | Photochemistry

NC-based photon upconversion allows further applications in
photochemical reactions to be developed, such as photo-
polymerization and photo redox reactions, by taking advan-
tages of the longer penetration distance of lower energy
photons and broaden absorption bands of NCs. Imperiale and
co-workers reported that a red-to-blue TTA-UC system based
on ultra-small PbS NCs can facilitate the photo-initiated
polymerization of methyl methacrylate (MMA) using long-
wavelength light.[105] The UC solution was mixed with
monomeric MMA, a photoinitiator (methyl α-bromophenyl
acetate) and a cross-linking additive (ethylene glycol dime-
thacrylate). The upconverted spin-singlet excited state of DPA
enable to activate the homolytic cleavage of the initiator. Upon
irradiation at 637 nm (40 mW) for 30 min, the formation of a
poly (MMA) (PMMA) gel can be observed. The efficiency of
photo-initiated polymerization is lower than direct blue light
irradiation due to the low UCQYof this system.

Recently, Jiang and co-workers reported a NIR-to-yellow
TTA-UC system employing PbS QDs to facilitate photoredox
catalysis in the NIR II (NIR-II) region (1000–1700 nm). They

utilized a polymer matrix composed of MMA and ethylene
glycol dimethacrylate in a 1:1 volume ratio, with ethyl α-
bromophenylacetate (EBP) serving as the initiator. A sum-
mary table of the experimental conditions and outcomes is
presented in Figure 15a. The experimental results demon-
strated that complete polymerization was achieved upon
5 minutes laser irradiation at 1064 nm (152.9 W/cm2).[125]

Degradation of the ultra-small PbS NCs was observed in the
presence of an active radical catalyst after extended irradiation
time. The overall efficiency of this photochemical reaction
should be further optimized by developing photostable ultra-
small NCs and improving the UCQY.

In the process of non-toxic development, Liang and co-
workers reported a NIR-to-yellow upconversion system
based on a non-toxic zinc-doped CuInSe2 NCs with 5-CT as
the mediator and rubrene as the annihilator, as shown in
Figure 15b.[124] The upconverted energy to singlet excited
state of rubrene allows to perform NIR light induced
reduction and oxidation. Three photoreactions mixed in the
upconversion solution were tested upon illumination at
808 nm (400 mW, 1.3 W/cm2): (a) dehalogenation of α-
bromoacetophenone; (b) oxidation of an amine; (c) photo-
reduction of α-bromoacetophenone in the presence of
phenol, see Figure 15c. After 8 h of 808 nm illumination, the
yields of these photoreactions were 99%, 89%, and 97%,
respectively. This TTA-UC system was further employed as
the photo initiator for the free-radical polymerization of
trimethylolpropane-triacrylate and the cationic polymeriza-
tion of (3,4-epoxycyclohexane) methyl and 3,4-epox-
ycyclohexylcarboxylate (EPOX), see Figure 15c. The
formation of a polymer gel was observed within 12 min of
808 nm illumination. It is worth noting that, although it is
common that increasing the concentration of NCs can cause
reduction of the UCQY because of the strong reabsorption,
the efficiency of TTA-UC assisted photoreactions simply
increases with the sensitizer concentration. This is due to that
highly concentrated NCs cause reduction in the intensity
threshold. The energy of the annihilator singlet excited states
is involved in driving the photoreactions at short time scales
before detrimental processes such as reabsorption, aggrega-
tion and quenching can occur. By taking advantage of the

F I G U R E 1 4 Generation of photocurrent by NC-based triplet-triplet annihilation photon upconversion (TTA-UC) system. (a) The assemblies of CdSe
NC-based TTA-UC allowing to inject charge into the conduction band of TiO2 at the photoanode and the valence band of NiO at the photocathode.
Reproduced with permission.[92] Copyright 2018, American Chemical Society. (b) Schematic illustration of integrated TTA-UC solar cell composed of
nanocrystalline TiO2 photoanodes and CdSe NC-based TTA-UC system. Reproduced with permission.[130] Copyright 2019, American Chemical Society.
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broad absorption band of NCs, TTA-UC assisted photore-
actions show higher efficiency under the sunlight through
indoor window (~32 mW cm−2), Figure 15d. It took only 1 h
to reach a 91% yield for dehalogenation of α-bromoaceto-
phenone, 2 h for a 95% yield for the amine oxidation and
0.5 h for a 96% yield in for C-O bond formation. The ac-
celeration of these photoreactions was achieved by capturing
both visible and NIR photons that are abundant in sunlight
through the photochemistry of triplet sensitization and
upconversion.

8 | CONCLUSION AND PERSPECTIVES

NCs have proven to be highly attractive materials in the
development of versatile TTA-UC systems, and the perfor-
mance has been improved in this field over the past decade.
The remarkable properties of NCs, including high energy
transfer efficiency, small singlet-triplet energy splitting,
broad and tunable spectral range, make them promising
sensitizers towards TTA-UC application in solar energy
harvesting and other applications. In this review, we have
introduced the fundamental mechanism of NC-based TTA-
UC and analyzed the key factors influencing upconverted
performance from a materials perspective. Since the inves-
tigation of NC-based TTA-UC systems is relatively recent,
there is limited research on solid-state approaches and ap-
plications, but these studies have demonstrated the immense
potential of NC-based TTA-UC and have provided valuable
insights for future investigations.

Compared to molecular sensitizers-based TTA-UC,
which have achieved the highest UCQY approaching

42%,[136] there is still considerable room for improving the
performance of NC-based TTA-UC. This can be accom-
plished through several approaches, including: (a) utilizing
high-quality NCs with minimal trap-state defects; (b)
improving the efficiency of TET from NCs to the mediator
or directly to the annihilator; (c) exploring alternative anni-
hilators that can offer new possibilities.

By using NCs, TTA-UC system has achieved upcon-
version beyond the band gap of crystalline silicon,[118,121]

with the longest wavelength for excitation at 1100 nm, which
is very challenging for molecularly sensitized TTA-UC. This
is still far from covering the vast NIR light region, that is,
from 750 to 2500 nm. In principle, NCs could do this as
there are many potential NC candidates that can be utilized,
such as PbTe NCs, Ag2Se NCs. Further investigations
should focus on the development and optimization of
tailored annihilators to bridge the wavelength gap and enable
efficient upconversion of NIR light, thereby broadening the
scope of NC-based TTA-UC systems.

There are also several challenges that need to be
addressed for NC-based TTA-UC. In the organic sensitizer-
based systems, the accurate triplet energy level of organic
molecules can be determined by theoretical calculation and
low-temperature measurements. It has been reported that an
endothermic energy transfer can occur when the T1 of the
organic sensitizer is lower than that of the annihilator.
However, this endothermic energy transfer has not been
observed in NC-based system, which possibly due to the
inherent size distribution of the NCs that leads to the inac-
curate estimation in T1 energy levels. Microfluidic synthesis
technology can be used to synthesize uniformly stable NCs
materials with small size distribution. Another challenge is

F I G U R E 1 5 (a) Summary table of NIR-II driven photopolymerization using PbS quantum dot (QD)/Th-DPP/rubrene as a photocatalyst upon
photoexcitation at 1064 nm. Reproduced with permission.[125] Copyright 2024, American Chemical Society. (b) Schematic of near-infrared (NIR) light
induced photoreactions of using zinc-doped CuInSe2 (ZCISe) NC-based triplet-triplet annihilation photon upconversion (TTA-UC) system containing the
ZCISe sensitizer, 5-tetracene carboxylic acid (5-CT) transmitter and rubrene annihilator. (c) Schematic of three photoreactions and the polymerization of
trimethylolpropane-triacrylate (TMPTA). (d) Photograph of the reaction setup under 808 nm continuous-wave laser illumination (400 mW, left)) or indoor
solar illumination (~32 mW cm−2, right). Reproduced with permission.[124] Copyright 2024, Springer Nature Limited.
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that most NCs, such as traditional cadmium-based, lead-
based and perovskite NCs, typically have strong absorption
in the UV-visible region. For TTA-UC, high absorption in
this region can cause a reabsorption of the upconverted
photons, which leads to a reduction in the upconversion
quantum efficiency of the TTA-UC system. Therefore, it is
desired to design NCs materials with low absorption in the
UV-visible region. Replacing the ligands of NCs with func-
tional groups that minimize interaction with light in the UV-
visible region or grow a well-controlled shell to confine the
electronic states and reduce broad absorption tails can be
further deeply investigated to meet this aim. However,
considering practical applications in harvesting solar energy
and solar cells, the 1-2 orders of magnitude larger molar
absorption coefficient and the broader absorption region of
NCs than organic materials can efficiently harvest light over a
wide range of wavelengths and increases the probability of
capturing incident photons. In addition to the requirements
for solid-state approaches, which can be optimized by
learning lessons from molecular sensitizers-based TTA-UC.
These challenges include the development of scalable syn-
thesis methods for NCs and enhancing the stability of the
system under long-term irradiation. To enable large-scale
production and implementation of NC-based TTA-UC sys-
tems, it is essential to develop synthesis methods that can
reliably produce high-quality NCs with precise control over
their size, composition, and surface properties. The materials
and structures employed should be capable of withstanding
extended exposure to light without significant degradation.
Understanding the degradation mechanisms and developing
strategies to enhance the stability of the system will be crucial
for ensuring its long-term functionality and reliability.

Use of long-wavelength light will allow NC-based TTA-
UC to further be used in bioimaging and biomedicine ap-
plications. It is essential to design water-soluble NCs and
address potential toxicity concerns associated with Cd and
Pb materials. Wu's research group have realized non-toxic
InP/ZnSe/ZnS core-shell NCs and zinc-doped CuInSe2
NCs for TTA-UC.[94,124] Tang's group realized silicon NC-
based TTA-UC and achieved air-stable fusion of triplet ex-
citons in oil-in-water micelles.[103] Exploring the synergies
between TTA-UC research and biological application can
pave the way for innovative technologies and advancements.

In conclusion, this review summarizes the progress of
NC-based TTA-UC and emphasizes the need for further
investigations to advance this field. Ongoing research is
expected to drive the evolution of TTA-UC as a powerful
tool for photon management and enable practical applica-
tions to sustainable energy solutions.
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